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1. INTRODUCTION

The problem of rolled homogeneous armor (RHA) plate perforation by a
shaped charge jet is one of ongoing interest to the U.S. Army Ballistic Research
Laboratory. With the advent of supercomputers, the problem can now be analyzed
with more detail and greater realism than has previously been possible. The present
study presents an analysis of a single case, that of a particular shaped charge
warhead fired at normal incidence and long standoff into a 13.0-mm-thick plate.
The range firing is described in Section 2. Section 3 follows with the evaluation
from experiment of three quantities pertaining to the perforated target plate that
provide convenient benchmarks for hydrocode calculations. As preparation of input
to the hydrocode, the geometry of the jet’s leading particle is analyzed from
radiographs in Section 4. Features of EPIC-2 (Johnson and Stryk 1986), the
hydrocode used in this study, are reviewed in Section 5. Of particular interest is its
eroding slideline feature. Also, a series of problems using only features contained
in the 1986 version of EPIC-2 are presented as an initial modeling effort in this
section. Section 6 presents evidence for the failure mechanisms of tensile voids and
shear bands, as observed by applying microscopy to specimens removed from the
perforated plate. Section 7 describes a model for failure due to tensile voids that
has been installed into EPIC-2. A series of problems employing this added feature is
discussed. Section 8 describes a model for failure by shear bands which has also
been installed. Six series of problems are run using this model in conjunction with
that for tensile voids. Results from these series are compared with experiment. In
Section 9 one problem from each of Sections 5, 7 and 8 is rerun with a finer mesh in
order to observe the sensitivity of results to the gridding. Section 10 summarizes
the findings and suggests follow-up work.

2. RANGE FIRING

The shaped charge warhead used has a conical copper liner with a 42° apex
angle, an 81.28-mm outer-diameter base, and a 1.91-mm wall thickness. The
explosive fill used is Composition-B. It is fired at a standoff of 15.23 charge
diameters (C.D.) into a 13.0-mm-thick RHA plate. RHA is a medium-carbon,
quenched and tempered, martensitic steel. Its allowable ranges of chemical
composition and heat treatment are specified in U.S. Department of Defense (1984).
The plate’s cross-section is approximately square, with a 197-mm edge length. A




Brinell hardness number (BHN) of 364 for the entrance and exit surfaces is
obtained. Figure 1 shows the experimental setup, including the position and
orientation of four flash X-ray tubes. The round number is 10771 of Range 7A.
Figure 2 displays two flash radiographs on one film sheet, taken at 161.5 and 181.4
i s after explosive initiation. Figure 3 shows the images on the second sheet. These
apply at 181.0 and 226.3 us after initiation. Figure 4 contains an enlargement of the
image at 226.3 us after initiation. This time corresponds to about 36 ps after intial
impact with the plate. Figures 2 through 4 show the jet’s leading particle to have
completely perforated the plate. The trailing particles are aligned with the leading
particle and pass through the hole that it has made.

3. THREE BENCHMARK QUANTITIES EVALUATED FROM
EXPERIMENT

The perforated plate’s entrance surface is shown in Figure 5. Its exit surface is
presented in Figure 6. The plate’s hole is reasonably circular, except for a single
notched region. Away from this notch, the hole is assumed to have been created
entirely by the jet’s leading particle. This assumption is supported by the degree of
alignment in the jet’s particles that was noted in the radiographs above. The hole is
fitted by a circle (Figure 7), and radii spaced at 25.7° are constructed (Figure 8).
Slices of plate material corresponding to five adjacent radii are removed (Figures 9
and 10). The boundary of the uppermost slice in Figure 10 is digitized to describe
the hole’s profile (Figure 11).

rfX: is defined as the value determined from experiment of the final hole
boundary’s radius averaged over the plate’s thickness. The average radius of the
red surface in Figure 11 is determined by numerical integration of the digitized
coordinates. The result is a value of 18.2 mm for rif,, so

—exp.

Thole = 18.2 mm (D

This quantity will serve as a convenient benchmark by which to evaluate hydrocode
solutions. Two other quantities that will also serve this function are AM*: and
t5¢ . AM®*- is defined to be the experimentally-determined total mass lost by the
target plate. ¢9% is the experimentally-determined time after initial impact at which
the plate has lost 95% of this mass. No data by which to evaluate AM“? and 1 %%




were obtained from Round (Rd.) 10771.

Fortunately, two more recent experiments, Rds. 4189 and 4190 of Range 16, do
provide such data. In both of these experiments, the same shaped charge warhead
employed in Rd. 10771 was fired into an RHA plate at a standoff of 975 mm (12.0
C.D.) The impact conditions at this standoff are quite similar to those at 15.2 C.D.
In both cases the entire jet has broken up into particles that have probably ceased to
stretch. Spacings between successive particles are greater at 15.2 C.D. than at 12.0
C.D., but Figures 3 and 4 establish that the fastest particles and probably most
particles pass through the hole made by the first particle without contacting the
plate. The target plates in Rds. 4189 and 4190 had respective thicknesses of 12.6
and 12.8 mm, both close to the 13.0 mm value of Rd. 10771. Thus data from Rds.
4189 and 4190 are assumed transferrable to Rd. 10771.

In Rd. 4190 the plate was weighed before and after the firing to produce a
measurement of 136 g for AM | so

AM®P = 136 g 2)

A total of six flash radiographs was obtained from Rds. 4190 and 4189. As shown
in Figure 12, these radiographs visualize the debris patterns at 1.7, 18.2, 33.2, 73.9,
143.2 and 213.0 ps after initial impact. The three earliest views were obtained from
Rd. 4190, and the three latest from Rd. 4189. The first RHA fragments to form are
small and are seen to keep pace with the fastest moving jet particles. Much larger
fragments appear at later times. In Section 8 distinct micromechanical mechanisms
will be suggested for these two classes of fragments. It seems from Figure 12 that
substantial material has separated from the plate subsequent to 73.9 pus after impact.
A rough estimate for 1% is therefore

159 > 73.9 us 3)

The difficulty with assigning a time of fragment separation from the target plate on
the basis of radiographs such as Figure 12 should be borne in mind, however. Such
radiographs directly show only the later time at which the separated fragment has
moved a noticeable distance from the plate.




4. LEADING JET PARTICLE DESCRIPTION

Figure 2 shows the leading jet particle at 161.5 and at 181.4 p s after initiation.
These times correspond to 28.5 and 8.6 ps before impact, respectively. Based on
these two images, the leading particle’s impact velocity is determined to be 7.73
mm/ys.

A cylindrical coordinate system is introduced, with its origin at the center of the
target plate’s entrance surface. Axial coordinate z measures distance from this
surface, with positive values in the region between the plate and the warhead’s
original position. The digitized image of the jet’s leading particle at 8.6 us before
impact is mapped onto this cylindrical coordinate system by translation and rotation.
The mapping is defined by three constraints: (i) and (ii) The particle’s volume and
centroid location, when computed based on the portion on one side of the r=0
centerline, agree with those computed using the portion on the other side of the
centerline. (iii) Following translation and rotation, the point on the digitized
boundary that intersects the centerline at the lowest z coordinate is assigned the
position z= 0, i.e., is placed in contact with the center of the plate’s entrance
surface. In addition to producing a geometry on which to base input to an
axisymmetric hydrocode analysis, the mapping determines the particle’s length,
volume and centroid position to be 20.6 mm, 353.2 mm?3, and 7.97 mm above the
base, respectively.

A five-parameter model for the leading particle’s geometry is shown in Figure
13. The model’s length Lp, volume Vp, and centroid position zp are expressed in
terms of its five parameters by

Lp= Lc+ Lg+ Lg (4)
Vp = 1tR52 §LC + Lg+ LBX (3)
4




1 1 1 1.,
—Lc|Lg +Lg+ L + Lo l|lg+ TLs |+ —L
_ 3c B S 4c] S\LB ¥ 5 0s 28)(
p = ) (6)
;LC+LS+LBx
where
1o Z|Re ], 2|2 12 (7)
X = 2 | R 3| Rs ~

Lp. Vp and zp are assigned the values 20.6 mm, 353.2 mm?, and 7.97 mm,
respectively, as evaluated above on the basis of a radiograph. Equations (4), (5)
and (6) can then be viewed as three equations in the five unknowns L¢, Lg, Lg, Rg
and Rg. A solution is obtained for L¢, Lg and Lg in terms of Rg and Rp.
Corresponding to a guess for the values of Rg and Rp, the quantities L¢, Lg and Lg
are evaluated and the model of Figure 13 is drawn. This procedure is applied
iteratively until a close visual fit to the jet particle’s shape according to the
radiograph is obtained. The image in Figure 14, which corresponds to the values
for Lc, Lg, Lg, Rs and Rp that are listed in Table 1, is deemed to be an acceptable fit
to the radiograph.

5. EPIC-2 SIMULATIONS WITHOUT FAILURE MODELING

5.1 Features of EPIC-2. The 1986 version of Lagrangian hydrocode EPIC-2
(Johnson and Stryk 1986) is used to model the Rd. 10771 experiment. The two
metals, copper and steel, are both handled in the same fashion. Their dilatational
deformation is governed by the Mie- Gruneisen equation of state

1
p= [K1u+ Koni+ K3|,13] [1 - ;r‘u + T +pe (8)

where

= 2 _ (9)




p is pressure, or negative hydrostatic stress, p is current density, pg is undeformed
density, e is the internal energy per undeformed volume, and T is the Gruneisen
coefficient. Values for K|, K,, K3 and I" are presented for OFHC copper and for
304 stainless steel in Kohn’s handbook (Kohn 1965). These parameter values are
displayed in Table 2, in which Kohn’s values for austenitic 304 stainless steel have
been applied to martensitic RHA.

The distortional deformation of copper and steel is treated by means of a
plasticity model, which applies the von Mises yield condition as follows: At each
cycle, deviatoric Cauchy stress components s,,, S;;, Sgg and s,, are computed by
applying elastic shear modulus G to the total strain increment. Equivalent stress ¢
is then computed using

1
_ 132 2 2 212
G = , (Spp°+ 5;°+ sgo”) + 35, (10)
and is compared to the current flow stress 6, , a measure of the state of the
material. If 6 < ©,, only elastic deformation occurs during that cycle and the
computed stress components are unaltered. If 6 2 ©,, plastic, non-recoverable

deformation occurs as well as elastic. If 6> oy, stresses are adjusted along a radial
path in stress space so that o becomes equal to o, .

Flow stress o, is computed using the Johnson-Cook strength model (Johnson
and Cook 1983). According to this model, o, is a function of equivalent plastic
strain €”, equivalent plastic strain rate €”, and homologous temperature T". The
functional form is

= PN ép - WM
c, [A+B(e)][1+Cln[l.0s_l]}[l (T) ] (1
where
1
& = [%D{}D{’,] 2 (12)
and




!
e = [ &ar (13)
0

t is time and DY; is the plastic component of the rate of deformation tensor. T is
related to room temperature 7, and melting temperature T, by
* T- Tr

T = T (14)
Tm‘ Tr

where T is the current temperature, computed using a thermodynamic relation.
Equation (11) expresses strain hardening, strain rate hardening, and thermal
softening as separate factors. Hardening is assumed to be isotropic. Constants G,
A, B,N,C, M, T, and T, are assigned their values presented for OFHC copper and
for 4340 steel by Johnson and Cook (1983). These values are listed in Table 2.

The slideline erosion algorithm of EPIC-2 enables the application of this
Lagrangian hydrocode to problems in penetration mechanics. A description of this
essential feature is reserved for the next subsection, 5.2.

In addition the 1986 version of EPIC-2 contains a failure model, or algorithm
to cause stress reduction within a finite element subsequent to the local satisfaction
of some onset criterion. This Johnson-Cook failure model is phenomenological and
was derived ¢ - fit data from Hopkinson bar tests and quasi-static tensile tests
(Johnson and Cook 1985). Such tests involve relatively low strain rates, so the
model is judged to be inappropriate for the present application. In particular
descriptions in Johnson and Cook (1985) of damaged specimens contain no mention
of shear banding, which in Section 6 will be shown to constitute one of two
micromechanical mechanisms for material failure found to be operative in RHA
specimens from Rd. 10771. The other micromechanical mechanism is ductile voids,
which apparently was also active in the experiments of Johnson and Cook.
Nevertheless, the range of ambient conditions on strain rate and temperature were
indeed much smaller in their experiments than in Rd. 10771, so a much simpler
model for void failure will be utilized instead in this report.

5.2 Problem Series I. The axisymmetric mesh used in all calculations of this
section as well as Sections 7 and 8 is shown in Figure 15. It consists of three-node
triangular elements. The copper projectile’s mesh closely approximates the




geometry of the five-parameter model with parameter values listed in Table 1. It
contains 124 node points and 202 elements. The target’s mesh approximates the
square steel plate by a circular disk with a thickness of 13.0 mm and a radius of
104.0 mm. Individual elements in the target are isosceles right triangles, the longest
edge of which has a length of 1.3 mm. This corresponds to ten layers of crossed
triangles through the target plate’s thickness. The target’s mesh includes 3200 of
these elements and 1691 node points.

The mesh contains two slidelines, both coincident with the projectile/target
interface. One slideline has the projectile’s surface nodes serving as master nodes
and the target’s surface nodes as slaves. In the other slideline this assignment is
reversed.

The erosion feature is operative for both slidelines. This allows an element
having one or more corner node on the master surface of the slideline to be
discarded from the problem in the sense that all stresses in the element are
thereafter set to zero. Since both copper projectile nodes and steel target nodes
alternately serve as master nodes for one of the two slidelines, the procedure
provides a means for modeling both projectile erosion and target hole formation.
EPIC-2 uses three criteria to trigger erosion of a given surface element. One
criterion is a user-supplied cutoff value for equivalent plastic strain, €£,,4,. Another
is an angle cutoff, whereby none of the element’s vertex angles is allowed to become
less than a certain acute value. These two criteria limit the degree of distortion in
the element. The third criterion discards a group of one or more elements that is
connected to the master surface by a single vertex node. This criterion is motivated
by the need to prevent such elements from crossing the slideline surface.

Following erosion of a slideline element, its three associated node points, to
which its entire mass has been lumped, remain in the problem. One or two may
become effectively disembodied from thc remaining projectile or target. When this
occurs, those disembodied nodes are converted from master into slave nodes. They
subsequently interact with the remaining master surface and participate in
momentum transfer across the slideline. Furthermore, previously interior nodes that
now find themselves located on the master surface become identified as the
slideline’s master nodes. EPIC-2’s eroding slideline algorithm is described further
in Stecher and Johnson (1984).




In later sections of this report, two failure models will be developed to cause
stress reduction in el-ments not necessarily located along the current slideline.
Before considering this additional feature, consider a series of five problems that are
run using only those features already discussed. It will be referred to as Problem
Series I. Erosion strain €%,,,, is assigned the values 0.25, 0.50, 0.75, 1.25 and 2.00,
as listed in Table 3. Each problem begins at the instant of iniiial impact and is run
until 500 ps after impact. Mesh plots for Problem I-C, for which €£,,,, equals 0.75,
are shown at 3.01, 4.02, and 500.04 us after impact in Figures 16, 17, and 18,
respectively. Perforation has occurred between 3.01 and 4.02 ps after impact. This
implies a penetration velocity between 3.23 and 4.32 mm/us averaged over the
course of perforation.

Figure 19 shows the mesh from Problem I-C at 10 ps after impact, with the
nodes disembodied by slideline erosion indicated. Each of these nodes is assigned by
means of its color to one of the four categories: "target debris", "projectile debris”,
"target ejecta”, and "projectile ejecta”. "Target debris” denotes disembodied nodes
of RHA material having a negative axial velocity z. According to the coordinate
system of Figure 19, nodes with negative axial velocity travel in the same direction
as the jet particle and away from the original (before detonation) warhead position.
"Target ejecta” denotes disembodied nodes of RHA material having a positive axial
velocity, or traveling towards the original warhead position. Similarly, "projectile
debris" and "projectile ejecta” denote disembodied nodes of copper material with a
negative and a positive axial velocity, respectively.

Now consider results for the average hole radius at S00 ps after initial impact,
rnote- Figure 20 redraws the boundary of the target mesh of Figure 18. The portion
of this boundary associated with the perforation hole bou.dary is shown in red.
Thole 1S computed from Figure 20 by numerical integration of nodal coordinates
along this red section. The result for Problem I-C is 11.0 mm, substantially smaller
than the experimental result of 18.2 mm obtained from Figure 11. Results for Thole
from Problem I-C and the other four problems in the series are listed in Table 3 and
plotted vs. €£,,4. in Figure 21. The computed values for Thole aT€ S€€N to increase
with increasing €2,,4.. However, even for an €%,,,, of 2.00 (Problem I-E), the
computed ru,e of 13.9 mm is still substantially smaller than the experimental result.
The mesh of the target plate at 500 us for Problem I-E is presented in Figure 22.
The large valuc of €%,,,4, for this problem has allowed highly distorted elements to




be retained in the final mesh. This consideration leads to the decision not to apply
values of €%,,4. in excess of 2.00, even though the trend in Figure 21 suggests that
such values might yield more realistic results for rpp.

Figure 23 plots the total mass that has eroded from the target plate vs. time
after impact for the five problems of Problem Series I. These total masses are
computed for a given time step by summing the masses of all steel elements that
have eroded at or before that time step. Results for AM, the total mass lost at 500
ps, and ¢ g5, the time at which the plate has lost 0.95 AM of mass, can be obtained
from Figure 23. These results are collected in Table 3. A M results are rather
insensitive to €£,,4, for €£,,4, equal to 0.25, 0.50, and 0.75. However, by an €%,,,,
of 1.25, AM is seen to decrease with increasing €%,,4.. This last trend is in contrast
to the increase in hole radius ry,, with increasing €%,,,, that was noted above. This
discrepancy between relationships of Thote and AM to €P.,4, is resolved by a
comparison of the mesh plots in Figures 18 and 22. Hole growth is seen to have
been accompanied by the removal of fewer RHA elements in Problem I-E than in
Problem I-C. Instead, in Problem I-E many highly distorted elements have been
retained, leading to much radial compression of material near the hole "throat”, or
most narrow cross-section, and to the formation of prominent lips at the entrance
and exit surfaces along the hole boundary. AM values for the five problems are all
much smaller than the experimental value of 136 g in Equation (2). This is
consistent with the fact that computed 7,,018 values are all smaller than the
measurement from Rd. 10771. Results for ¢ g5 in Table 3 are all substantially
smaller than the experimental lower bound of Equation (3).

The results from Problem Series I can be summarized as follows: For the mesh
of Figure 15 and for the parameter €£,,4, varied simultaneously for both slidelines in
the range of 0.25 to 2.00, (i) Thole is smaller than the measurement from Rd. 10771,
(ii)) AM is smaller than the measurement from Rd. 4190, and (iii) ¢ ¢5 is smaller than
the range indicated by Rds. 4190 and 4189. In short the computed holes are too
small, and their growths are completed prematurely.
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6. EXPERIMENTAL OBSERVATIONS OF VOIDS AND SHEAR BANDS

At this point the perforated target plate of Rd. 10771 is studied further to assess
the micromechanical processes that it has undergone. RHA specimens are extracted
from the perforated plate in the vicinity of the hole. They are then polished, etched
in 2% Nital, and examined using photomicroscopy and scanning electron
microscopy. Figure 24 displays a fracture surface that has been formed by void
coalescence. Figure 25 shows a shear band with a characteristic 6-pum width, while
Figure 26 displays a crack that runs along part of a shear band’s length. From these
figures, it is concluded that fracture, and therefore fragmentation of RHA, are
associated with the two phenomena of voids and shear bands that result from
interaction with the jet.

The extracted slice of RHA target plate from Rd. 10771 that was photographed
to produce Figure 11 is now polished and examined with an optical microscope at
magnifications up to 1000X. The goal is to observe the locations of prominent voids
and shear bands in the final target plate cross-section. Here "prominent” is used to
mean "observable with an optical microscope at 1000X magnification.”" The results
are sketched in Figure 27. Voids and shear bands are seen to be concentrated in the
hole boundary’s region that is located near the plate’s midsurface and that protrudes
into the hole to form the throat. At least nine large, discrete voids and eleven shear
bands can be observed in this region. Each shear band contacts either a void, the
hole boundary, or in some cases both. Two or three prominent shear bands are also
observed near the intersection of the hole boundary with the plate’s entrance
surface.

7. EPIC-2 SIMULATIONS WITH THE TENSILE FAILURE MODEL

7.1 The Tensile Failure Model. The voids in the RHA plate noted in Figure 24
arc assumed to have nucleated and grown under the action of a tensile stress field.
A tensile failure model to simulate effects of these voids at the finite element level is
now developed and added to EPIC-2. In contrast to the slideline erosion algorithm,
this tensile failure model will be applied to target and jet-particle elements
throughout the domain, both on and off the slideline. The model consists of two
parts: (i) a failure onset criterion and (ii) a prescription for post-onset stress
reduction.
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The onset criterion of the tensile failure model is developed first. The
approximately spherical shape of individual voids in the photomicrograph of Figure
24 suggests that their growth was driven by the spherically symmetric portion of the
stress tensor, namely the hydrostatic stress. Pressure is negative hydrostatic stress,
defined in terms of G,,, 6, and Ggg, the radial, axial and circumferential normal
components of the Cauchy stress by

1
p=- ;[c’rr+ G, t+ 606] (15)

The RHA specimen of Figure 24 was removed from the remaining target plate
in the vicinity of the perforation hole. The figure therefore displays material at
about 19 mm from the shot line. The observation just made regarding
spheroidally-shaped voids is assumed to apply throughout the RHA target plate.
This last assumption is challengeable in that during the perforation process, RHA
material that was originally located closer to the shot line presumably experienced
much larger values for such field variables as strain, strain rate and temperature
than did the material of Figure 24. However, the assumption receives some support
from publications by researchers at SRI International (e.g., Barbee et al. 1972,
Seaman et al. 1976). These publications have established that this general situation
of fractures formed by coalescing spheroidal voids occurs quite commonly in shock
loaded metals. They call such fracture "ductile”, as opposed to their category of
"brittle" fracture, which is characterized by planar cracks. In particular Barbee et al.
(1972) has shown the situation to be at least sometimes applicable to OFHC copper.
On this basis a pressure criterion for tensile failure onset will be applied to the
copper jet particle as well as to the RHA.

In an element of either RHA target material or OFHC copper jet material, the
onset of tensile failure is assumed to occur when the pressure, which at a given time
step is constant in an element, becomes less than or equal to a negative-valued
material parameter pg;, i.e.,

PS Ppi< 0 (16)

For each metal, pg,; is taken to be a constant, independent of both the local current
values and the histories of all field variables.
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The prescription for post-onset behavior will be considered next. Once the
failure onset criterion of Equation (16) is met in an element, that element is no
longer allowed to support hydrostatic tensile stress or deviatoric stresses. The
element is only allowed to support hydrostatic compression. This involves
modifications to the EPIC-2 hydrocode which at each time step affect all eicments
that have either then or at some previous time step satisfied Equation (16). For all
such elements, deviatoric stresses are not computed, and positive hydrostatic stress
values that result from evaluation of the Mie- Gruneison equation of state are
altered and set to zero.

Note that this post-onset prescription involves the instantaneous reduction to
zero of certain stress components once the tensile failure onset criterion has been
met. The prescription therefore ignores the possiblity for gradual degradation of a
material’s load-bearing capabiiity prior to its complete local failure. This neglect
may be justifiable in problems involving shock loading, since the time scale of
material degradation may be much smaller than those which pertain to other aspects
of the problem.

The complete tensile failure model, including the onset criterion and the post-
onset prescription, introduces a single additional input parameter for each material,
namely pg;;. The issue to be addressed next is the assignment of a value to pg,; for
each of the two materials. Relevant data were obtained by Rinehart (1951) from
spallation experiments performed on several metals, including copper and 4130
steel. Spallation is defined as material failure caused by the tensile stress field that
results from reflection of a compressive pulse from a free surface. In each
experiment a cylindrical explosive charge was placed on one surface of a metal
plate. A pellet composed of the same material as the plate was placed on the
opposite surface to serve as a momentum trap. For each metal studied, Rinehart
determined a value for the "critical normal fracture stress”. This is the value
attained in the region of spall fracture by the axial normal stress component. The
values that Rinehart reported are 2.96 GPa for copper and 3.03 GPa for 4130 steel.
If one assumes that a condition of uniaxial strain applied to his experiments, the
pressure corresponding to each critical axial normal stress can be computed by
subtracting 26,/3 from the reported value, where o, is the local flow stress (Zukas
1982). The flow stress at initial yield is determined in Johnson and Cook (1983) to
be 0.09 GPa for OFHC copper and 0.79 GPa for 4340 steel. If one also assumes
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that the flow stress levels attained in Rinehart’s experiments were never caused by
strain or strain-rate hardening to greatly exceed these values, a reasonable value for
Pfair 18 found to be -3.00 GPa (-30.0 kbar) for both OFHC copper and RHA steel.
This value will be applied to both materials in all calculations that follow.

The tensile failure model that has been developed can be summarized as
follows: In each element of either RHA target or OFHC-copper jet-particle
material, tensile failure first occurs when Equation (16) is satisfied. At that time
step and at all time steps thereafter, the element is not allowed to support
hydrostatic tensile stress or any component of deviatoric stress. Only hydrostatic
compression is allowed. The model introduces the single additional material
constant pg,;, Which is assigned the value of -3.00 GPa for both RHA and OFHC
copper.

7.2 Problem Series II. A second series of five problems, Problem Series II, is
run with this tensile failure model operative. Throughout the series, py,;; is assigned
the value of -3.00 GPa for both RHA and copper. As in Problem Series I, erosion
strain €%,,,4, is again varied simultaneously for both slidelines over the range of 0.25
to 2.00. Mesh plots for Problem II-C, with €2,,4 set to 0.75, are shown at 1.02,
3.02 and 500.00 ps after impact in Figures 28, 29 and 30, respectively. In these
figures elements that are colored blue are those that have failed in tension according
to the model. The phenomenon of spallation, or tensile failure brought on by
reflection of a compressive shock wave at a free surface, is exhibited in Figure 29.
Spallation is predicted to occur prior to perforation and in a small region directly in
the path of the leading jet particle. Figure 30 shows a single non-eroded element in
the final target plate, located near the plate’s midsurface, in which tensile void
failure has occurred. This elevation, or z coordinate, of void location is in some
agreement with experiment in that all voids in Figure 27 reside within the
midsurface protuberance.

Now consider final mesh plots from the other problems in this series. Figures
31 through 34 contain mesh plots at 500 ps from Problems II-A, II-B, II-D and
II-E, respectively. No failed elements are present in these final mesh plots from
Problems II-A and II-B. In Problem II-D all failed elements are located near the
hole boundary and slightly to the exit side of the midsurface. A larger portion of
the cross-section has failed in tension in Problem II-D than in Problem II-C.
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Moreover, the pattern of failed elements from Problem II-D is in better agreement
with the experimental distribution of Figure 27 than is the pattern in Figure 30 from
Problem II-C. Also note in Figure 33 that in Problem II-D the higher value of €%,,,,
has allowed highly distorted RHA elements to escape erosion. The result is
prominent lips on the entrance and exit surfaces at the hole boundary. Such lips are
not present on the experimental cross-section in Figures 11 and 27. These two
figures were obtained from the top slice shown in Figure 10. If instead one of the
three middle slices in Figure 10 were focused on, distinct lips would have been
included in the experimental profile.

In Problem II-E voids are present in a still larger portion of the cross-section
than in Problem II-D. The lips around the hole boundary at the entrance and exit
surfaces have become larger as well in Problem II-E and are now clearly larger than
in any of the five experimental slices in Figure 10.

Results for ry,., AM and ¢ o5 obtained from the five problems of Problem
Series II are listed in Table 4. 1y, is plotted as a function of €£,,4, for this series in

Figure 35. The mass lost from the plate vs. time is plotted for the series in Figure
36.

A comparison of Table 4 and Figures 35 and 36 with Table 3 and Figures 21
and 23 shows that in general little change in computed rp,., AM and t g5 values has
accompanied the addition of the tensile void failure model with the value of -3.00
GPa assigned to pg; for both copper and RHA. For all five problems in Problem
Series 11, r_-,,,,,e and AM are smaller than the experimental values in Equations (1) and
(2), respectively. Thus the computed holes are still too small. For Problems II-A,
II-B, 11-C and 1I-D, ¢ ¢5 is also much smaller than the experimental result in
Equation (3), indicating that hole formation has completed prematurely. Problem
II-E is exceptional in that it does yield a ¢ 95 value consistent with the experimental
resuit. Sensitivity of the results to the values used for pg; for the two matcrials has
not been studied.

15




8. EPIC-2 SIMULATIONS WITH THE TENSILE AND SHEAR BAND
FAILURE MODELS

8.1 The Shear Band Failure Model. The algorithm inserted into EPIC-2 to
model material failure from shear bands contains the same two generic parts as does
the tensile failure model. These are a failure onset criterion and a prescription for
post-onset stress reduction. The criterion adopted is called "Zener-Hollomon", after
its apparent originators (Zener and Hollomon 1944). In a given time step the
product [A+ B (eP)N][l - (T')M] is evaluated for each RHA element that has not yet
failed or eroded and that has undergone further plastic flow during that time step.
(The shear band model is not applied to the copper.) This product includes
contributions to the flow stress by plastic straining and by temperature. If the
element also underwent plastic flow during the immediately preceding time step and
if the above product has decreased from its level during that preceding time step,
then the element is deemed to have begun to fail by shear banding. In effect, the
criterion compares the strength increase due to plastic straining (work hardening) to
its decrease due to temperature rise (thermal softening). Failure occurs when the
latter exceeds the former.

Once this onset criterion has been satisfied in an element, at that and all
subsequent time steps, deviatoric stresses are reduced from their computed values.
However, hydrostatic tension is not altered, in contrast to the post-onset modeling
for the case of tensile failure. Another difference is that the deviatoric stresses are
not instantaneously set to zero, as with the previous model. Instead, their gradual
reduction is imposed, qualitatively consistent with results from shear band modeling
reported in Wright and Walter (1987). If s;,, sz, Sgq, and s,, are the four
components of deviatoric stress computed by EPIC-2 in such an element for a given
time step, then each of these is altered to the values given by

sij = si; f(eP) (17)

where for Ael,; = 0,

Jl ; €Pe[0, €550l
f(eP) = (18a)

[0 > epe(egnseb o)
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while for Aef,; > 0,

; €Pel0, € A
1 , , [ onset] (18b)
€ — €lu0
f(ef) = 31 - AgP e s €Pe(ehnser, Ebpser + Ae_’f,ail)
Kail
0 ; €Pelebnser + Ae.’),“ail’ o°)

The function f(€?) is drawn in Figure 37. Here €5, is the value of equivalent
plastic strain €” that existed in the element at the time step in which the Zener-
Hollomon criterion was first met. €5, is therefore computed by the code. On the
other hand, A€, is a user-prescribed material property. (€5, + Aek;) is the
level of € beyond which the element no longer supports deviatoric stresses.

The post-onset conditions imposed on an element that has failed according to
the tension model are more stringent than those imposed on elements that have
failed by the shear band model. In the former case hydrostatic tensile stress as well
as deviatoric stresses are affected, and stress reduction to zero is instantaneous. For
this reason, elements that have failed by shear banding continue to be checked for
tensile failure.

8.2 Problem Series III Through VIII. Six problem series are run with the tensile
and shear band failure models both operative. In each series parameter pg,; is fixed
at -3.00 GPa for both RHA and copper, and Agly; is fixed at either 0.00, 0. 10,
0.25, 0.50, 0.75 or 1.00. €%,,,, is again varied over the range of 0.25, 0.50, 0.75,
1.25, and 2.00 within each series, with the same value for €2,,4. assigned to both
slidelines.

Problem Series I, IV, V, VI, VII and VIII correspond to a Aef,,,-, of 0.00,
0.10, 0.25, 0.50, 0.75 and 1.00, respectively. Problem Series III, for which
Aek,i=0.00, is the case of instantaneous reduction of deviatoric stresses to zero
upon shear band failure in an element. This is the case governed by Equation (18a).
At the other extreme, Problem Series VIII, for which Agl,;= 1.00, allows gradual
stress reduction following satisfaction of the Zener-Hollomon condition, as
governed by Equation (18b). In this series zero stresses are not imposed within an
element until €” exceeds €5,,., by 1.00. Results for rh,., AM and t g5 from the six
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problem series are presented in Table 5.

Figure 38 plots rype VS. €54, for the six series. Here Aehy; is a constant
parameter for each curve. On the other hand Figure 39 plots Thote VS- Agh,; with
et 4. @ constant parameter for each curve. For each series, corresponding to a fixed
Al Thole 18 S€€N tO increase with increasing €2,,4. for €2,04. in the range of 0.25 to0
2.00. Also, rpo decreases with increasing Ael,; for €F,54. in the range of 0.25 to
2.00, with a single exception: at an €254, Of 2.00, rpy increases when Agh,; is
increased from 0.75 to 1.00. With this one exception ignored, the finding means
that the more gradually deviatoric stresses are reduced following the onset of shear
band failure, the larger the final hole size.

Activation of the shear band failure model allows for a large increase in
computed hole size over those obtained in Problem Series I and II. For the series
with Ael,; equal to 0.50, 0.75, and 1.0, ;hole is still consistently at least slightly
smaller than the experimental value of 18.2 mm. However, the curves in Figure 38
corresponding to Problem Series III, IV and V and respective Aek;; values of 0.00,
0.10, and 0.25 intersect the experimental result at an €%,,,, of about 0.5, 0.7, and
1.0, respectively. Four problems that produce reasonably close agreement with
experimental Thole» arranged in order of increasing A€k, are Problem III-B
(€80de= 0.50, Aef,y= 0.00), Problem IV-C (€£,4.= 0.75, Aefy= 0.10), Problem
V-D (€f,04e= 1.25, Aey= 0.25), and Problem VI-E (€£,,4.= 2.00, Aek;= 0.50).
These four problems all produce Thote Values within 4% of the experimental result.

Mesh plots are now used to observe the evolution in time of the solution to
Problem III-B. Plots at 1.03, 2.01, 3.01, 4.03, 5.00, 10.01, 20.04, 50.04, 100.06,
150.05, 200.06, 250.04, 300.06, 450.05 and 500.02 us after impact are presented in
Figures 40 through 54, respectively. The blue elements in Figure 40 indicate those
copper elements that have failed in tension. The green elements of RHA in Figures
40 through 54 have failed by shear banding, and the aquamarine elements of RHA
in Figures 42, 43 and 44 have failed successively by shear banding followed by
tension. Figures 40, 41 and 42 show the penetration process prior to perforation.
In these figures the target’s hole is surrounded by RHA material that has failed by
shear banding. By 3.01 us, this failed region has extended to the exit surface. A
single aquamarine element of RHA is located on the exit surface in Figure 42,
indicating that the phenomenon of spallation has occurred slightly before
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perforation. Perhaps formation of the relatively small, early-time debris fragments
noted in Section 3 on the basis of Figure 12 can therefore be attributed to the failure
mechanism of tensile voids. According to Figures 42 and 43, perforation occurs
between 3.01 and 4.03 us.

Once an element of RHA material adjacent to the current hole boundary has
failed by shear banding, the stress reduction scheme of Equations (17) and (18)
renders it prone to large deformation and hence susceptible to slideline erosion.
Figures 40 through 54 show that in Problem III-B, every RHA element that fails by
shear banding and that does not have at least two of its edges bounded by elements
that have not failed is discarded via slideline erosion by 500 us. A comparison of
Figures 48, 49 and 50 reveals that a substantial amount of RHA material is still
eroding and contributing to the final hole size between 100 and 200 ps after impact.
It is suggested that the relatively large, late-time fragments noted in Section 3 to be
present in the radiographs of Figure 12 are primarily attributeable to the failure
mechanism of shear banding rather than tensile voids. Figures 51 and 52 show that
the last failure by shear banding occurs between 250 and 300 s in a single element
located near the entrance surface. This element and one of its neighbors erode from
the target plate at between 450 and 500 ps after impact, as is clear from Figures 53
and 54. This is the final occurrence of slideline erosion observed in Figures 40
through 54.

The mesh at 500 yus shown in Figure 54 is taken to be the final state for
Problem III-B. This figure therefore contains a prediction of the final hole
geometry and the final spatial distribution of shear bands within a cross-section.
Comparison with Figure 11 shows that this predicted hole geometry agrees quite
closely with the experimental result, both in terms of the average hole radius Thole
and the general shape of the hole profile. In particular Figure 54 contains a
prominent protuberance that juts into the hole to form a distinguishable throat at
about the midsurface elevation.

Mesh plots at 500 us from Problems IV-C, V-D and VI-E, which also agree
closely with experiment in terms of ry,, are shown in Figures 55, 56 and 57,
respectively. As with Problem III-B, green elements indicate shear banding failure,
and the single aquamarine element in Figure 57 indicates shear banding failure
followed by tensile void failure. Figures 54 through 57 reveal a trend in the number
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of RHA elements that have failed by shear banding and that remain attached to the
plate at 500 ps. As Aek,; is increased in the range of 0.00 to 0.50, the number of
these elements also increases. In other words the number of RHA elements able to
escape slideline erosion at 500 p s increases as the rate at which deviatoric stresses
are reduced following the onset of shear banding decreases. Note that €2,,,, is not
held fixed in these four problems. €2,,4. equals 0.50, 0.75, 1.25 and 2.00 in
Problems I1I-B, IV-C, V-D and VI-E, respectively. What is held approximately
fixed is rpope-

Next the mesh plots at 500 us from Problems III-B, IV-C, V-D and VI-E are
examined in terms of their predicted locations of tensile voids and shear bands.
These observations are compared with the experimental results from Rd. 10771 in
Figure 27. Figures 54, 55 and 56 contain no elements that have failed by tensile
voids, a result that is clearly inconsistent with the experimental presence of voids in
Figure 27. Figure 57 contains only a single element that has failed in this manner,
so that Problem VI-E has also yielded an insufficiently large region of plate cross-
section that has failed by voids. However, the location of this single element, near
the intersection of the hole boundary with the plate’s midsurface, does constitute a
certain degree of agreement with experiment, since in Figure 27 all voids reside
within the midsurface protuberance.

The calculations are more successful in terms of predictions of shear band
locations in the final cross-section. Figure 54 from Problem III-B does display some
shear banding within the midsurface-region protuberance that forms the throat.

This is the region in which most shear bands are observed in Figure 27. However,
Figure 54 does not display shear banding along the boundary of this protuberance,
where it is conspicuous in Figure 27. Figure 54 also displays shear banding near the
intersection of the hole boundary and the entrance surface, consistent with Figure
27. Two elements of shear banding are also contained in Figure 54 near the
intersection of the hole boundary and the exit surface. This last result is
inconsistent with Figure 27. However, the caveat stated in Section 6 should be
recalled. The shear bands denoted in Figure 27 are those that were observable with
an optical microscope at 1000X magnification. Perhaps additional shear bands could
have been observed in these and other regions of the cross-section by more
discriminating means. Thus in effect Figure 27 constitutes a lower bound on the
number of shear bands present in the experiment.
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Figure 55 from Problem IV-C contains a cylindrical ring about 5 mm thick in
which shear bands are distributed rather uniformly. Thus there is little dependence
on the density of shear bands with elevation z predicted for this problem. This is
inconsistent with the preponderance of shear bands located near the midsurface
elevation in Figure 27. The number of shear-banded elements within the cylindrical
ring is about four times the total number contained in Figure 54. The general
impression is that a larger portion of the cross-section in Figure 55 has failed by
shear banding than in the experimental cross-section of Figure 27, but the caveat of
Section 6 must again be borne in mind. Figure 55 contains a single shear-banded
element at the exit surface and about 18 mm from the hole boundary. Figure 56
from Problem V-D shows a hole profile that is "flatter”, or has less z dependence,
than in Figures 54 and 55. Shear banding is predicted in Figure 56 along most of
the hole boundary. Within a 5-mm-thick cylindrical ring adjacent to the hole
boundary, a larger percentage of elements have shear banded in Figure 56 than in
Figure 55. In Figure 57 from Problem VI-E, the corresponding 5-mm-thick ring has
almost entirely failed by shear banding. In both Figures 56 and 57, the portion of
the cross-section that has failed by shear banding clearly exceeds the experimental
result of Figure 27.

Figures 58 through 63 plot cumulative mass lost by the target plate as a function
of time after impact for Problem Series III, IV, V, VI, VII and VIII, respectively.
In Figure 58 the curve for which €£,,,,= 0.50 corresponds to Problem III-B. This
curve can be divided into four regions. For the first 25 ps after impact, mass loss
occurs at the rapid average rate of 1.9 g us'!. The average mass loss rate between
25 and 100 psis 0.52 g ps’!. From 100 to 200 us, the average rate further reduces
to the still appreciable 0.17 g us'l. This is consistent with the continuing mass loss
detected in the mesh plots of Figures 48, 49 and 50. By 200 ps the curve has
reached a plateau; no additional erosion occurs until 489.8 pus, consistent with the
observations based on the mesh plots in Figures 50 through 54.

The value attained at 500 us by each curve in Figures 58 through 63 is
identified with AM, the cumulative mass that the plate has lost during the 500 pus
following initial impact. These results for AM are plotted vs. €£,,4 with Aek,; a
parameter in Figure 64 and vs. Aef,; with €f,,4, a parameter in Figure 65.
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Figures 64 and 65 show that in each of the Problem Series III through VIII, AM
increases with increasing €%,,4, for €2,,4. in the range of 0.25 to 2.00. These figures
also show that for €2,,4, fixed at 0.25, 0.50, 0.75, 1.25 or 2.00, AM decreases as
Ak, is increased in the range of 0.00 to 1.00. AM has been dramatically increased
over the values obtained in Problem Series I and II by the activation of the shear
band model. Thus whereas AM results from Problem Series I and II never exceeded
28.6 g, in Figure 64 the curves pertaining to Problem Series I1I, IV and V intersect
the experimental result of 136 g at an €£,,4, of about 0.8, 1.1 and 1.6, respectively.
The curves for Problem Series VI, VII and VIII remain below this experimental
result throughout the €%,,4, range of 0.00 to 2.00.

Recall that similar observations were made for ry,. on the basis of Figures 38
and 39, which resemble Figures 64 and 65. In Figure 38 the curves of Thole VS. €Prode
from Problem Series III, IV and V also intersected the experimental result of 18.2
mm, but at the lower €2,,4. values of about 0.5, 0.7 and 1.0, respectively. As a
consequence of this difference, Problems III-B, IV-C, V-D and VI-E, which all
produced Thote Values within 4% of the experimental result, are now seen in Table 5
to produce AM values that are smaller than the experimental result by 22%, 18%,
18% and 30%, respectively. These discrepancies between computed AM values
from Problems III-B, IV-C, V-D and VI-E and the experimental result of 136 g are
attributed to the removal of insufficient RHA material in these four problems,
despite the fact that the final hole radius displays close agreement with experiment
in each case. Apparently too much RHA material has been compressed or bent and
retained in the calculations instead of being discarded by slideline erosion.

The problem which produces a AM result in closest agreement with experiment
is Problem III-C. AM for this problem is 130.3 g (Table 5), which is only 4% less
than the experimental result of 136 g. The Thote Value obtained from Problem
I11-C is 20.2 mm, which is 11% larger than the experimental result of 18.2 mm.
Thus the correct amount of RHA material has been retained in Problem III-C, but
the final hole radius is somewhat larger than in the experiment.

The four problems that produce AM results in closest agreement with
exprriment after Problem III-C are Problems IV-C, IV-D, V-D and V-E. The AM
values computed for these problems agree with the experimental measurement from
Rd. 4190 to within 18%, 12%, 18% and 16%, respectively. However, as with
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Problem ITI-C, these four problems also produce rj,, values larger than the
experimental result of Equation (1), by 3%, 20%, 4% and 23%, respectively.
Recall ihat Problems IV-C and V-D were previously noted to have produced Thole
values in good agreement with experiment. The meshes at 500 ps for these two
problems were presented in Figures 55 and 56.

Return now to the mass loss vs. time plots of Figures 58 through 63, applicable
to Problem Series III through VIII, respectively. When these are compared with the
mass loss vs. time plots from Problem Series I and II, contained in Figures 23 and
36, respectively, it becomes apparent that activation of the shear band model has
greatly extended the time at which target erosion comes to completion. In fact on
the basis of Figures 58 through 63, some of the problems in Problem Series III
through VIII still appear to be undergoing gradual additional erosion of RHA at 500
us after umpact. Results for g5, the time at which the plate has lost 95% of mass
AM, are listed in Table 5. All r g5 listings for Problem Series III through VIII
satisfy the cxperimental bound of Equation (3). 7 g5 results in Table 5 do not
exhibit a simple dependence on either €£,,4. or Aeky;.

9. EXAMINATION OF RESULTS’ SENSITIVITY TO MESH FINENESS

All calculations thus far have employed the initial meshes for the jet particle
and the RHA target plate that are shown in Figure 15. A question that arises is to
what extent the results presented above for the eight problem series have been
spuriously determined by the geometry of this mesh, rather than by the modeling of
the various physical phenomena in the problem. In order to pursue this question,
Problems I-C, II-C, and III-B will be rerun, this time using the same mesh for the
jet particle as in Figure 15, but with a finer RHA target mesh. The new mesh,
shown in Figure 66, consists of 1sosceles right triangles that are similar to those of
Figure 15, but with their longest edge length equal to 0.65 mm, or one-half the
longest edge length of each target element in Figure 15. Thus the total number of
RHA elements has been quadrupled over that in Figure 15, from 3200 to 12800.
There are now twenty layers of crossed triangles through the plate’s thickness.
These new problems, employing the mesh of Figure 66, are called Problems I-C(R),
II-C(R), and III-B(R).
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Problem I-C(R) has neither failure model activated and cutoff erosion strain
€f,04e S€t to 0.75 for both slidelines. Mesh plots from this problem at 3.00, 4.00
and 500.02 ps after impact are displayed in Figures 67, 68 and 69, respectively.
These can be compared with Figures 16, 17 and 18, which apply to Problem I-C at
similar times. Hole geometries from the two problems are in reasonable agreement
at the two earlier times. Perforation occurs at between 3 and 4 pus in both cases. At
500 us, the final average hole radius, rp, is slightly smaller in Problem I-C(R)
than in Problem I-C, and hence a little further from the experimental result of 18.2
mm. rp, is determined to be 9.7 mm from Figure 69 and 11.0 mm from Figure 18,
for a differcnce of 13%. In addition the mesh at 500 us contains more prominent
lips at the intersections of the hole boundary with the entrance and exit surfaces in
Problem I[-C(R) than in Problem I-C.

The total mass lost by the target plate is plotted as a function of time for both
Problems I-C and I-C(R) in Figure 70. After the initial 3 us, this quantity is seen to
be consistently smaller in Problem I-C(R) than in Problem I-C. The total mass loss
at 500 us, AM, is 21.3 g in the former and 27.7 g in the latter problem. The
difference here is 30%. The time at which 95% of AM has been lost, ¢t g5, is
determined to be 49.9 pus in Problem I-C(R). This is 210.% larger than the value of
16.1 us determined for Problem I-C, but still smaller than the experimental bound
of Equation (3). Results for rp,., AM and ¢ g5 from Problem I-C(R) are collected
in Table 6.

Problem II-C(R) has the tensile void failure mode! activated for OFHC copper
and RHA steel, with material parameter pg,; set to -3.00 GPa for both metals. The
cutoff strain for slideline erosion, €4,,4,, is set to 0.75 for both slidelnes, as in
Problem I-C(R). Mesh plots from Problem II-C(R) at 1.00, 3.01 and 500.00 ps
after impact are presented in Figures 71, 72 and 73, respectively. These are
comparable with Figures 28, 29 and 30, showing mesh plots from Problem II-C at
corresponding times. In general good qualitative agrecment with the earlier
problem is obtained. At 1.00 ps, failed copper elements are seen near the leading
edge of the jet particle. In contrast to Problem II-C, a single failed element of
target material occurs as well, at the entrance surface of the hole boundary. At 3.01
}' S, the phenomenon of spallation, as visualized by the presence of failed target
elements near the cxit surface, is observed again. The spall fracture surface seems
to be recessed by very roughly one element layer, or 0.6 mm, from the exit surface
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in Problem II-C(R), an effect that could not be resolved with the coarser mesh of
Problem II-C. At 500 pus, both Figures 30 and 73 reveal a small region of RHA
that has failed in tension. This region is located near the intersection of the hole
boundary with the plate’s midsurface in both figures. As mentioned in Section 7,
this location of tensile failure is consistent in a general sense with Figure 27, which
shows voids scattered about the midsurface protuberance. The hole radius at 500 ps
in Problem II-C(R) agrees closely with that from Problem II-C from the exit surface
to the vicinity of the midsurface. Between the midsurface and the entrance surface,
the hole radius at 500 ps is slighly smaller in Problem II-C(R) than in Problem II-C.
Thote, the radius averaged over the thickness, is 10.2 mm in Problem II-C(R), as
opposed to 10.9 mm in Problem II-C. The difference between Thote Values from
Problems II-C(R) and II-C is 7% . Both are much smaller than the experimental
value of 18.2 mm.

A comparison of Figures 69 and 73 shows that with this finer mesh, activation
of the tensile void failure model has caused the final hole radius to grow slightly
throughout most of the target plate thickness. The average radius, rpo, i 9.7 mm
in Problem I-C(R) and 10.2 mm in Problem II-C(R). Recall from Section 7 that
with the coarser mesh, a very small decrease in Thote Was found to accompany
activation of this model; rj,, was 11.0 mm in Problem I-C and 10.9 mm in Problem
II-C.

Figure 74 presents plots of cumulative mass lost by the target plate vs. time for
Problems II-C and II-C(R). According to this figure, the mass loss is smaller in
Problem II-C(R) than in Problem II-C at all times after 5 pus. This is reminiscent
qualitatively of the relationship between mass loss results from Problems I-C and
I-C(R). Quantitatively, however, the difference between mass loss results obtained
with the finer mesh and with the coarser mesh is less in Figure 74 than in Figure 70
throughout this time range. The cumulative mass lost at 500 ps, AM, is seen in
Figure 74 to be 27.2 g for Problem II-C and 23.1 g for Problem II-C(R), for a
difference of 18%. Both are much smaller than the experimental result of 136 g.

t 95, the time at which the target plate has lost cumulative mass equal to 95% of AM,
equals 22.7 and 28.1 ps for Problems II-C and II-C(R), respectively. These times
differ from each other by 24% and are both much earlier than the experimental
bound of Equation (3). Note that AM from Problem II-C(R) is slightly larger than
the value obtained from Problem I-C(R). This is consistent with the relationship
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observed for ry,, from the two problems. ¢ 95 from Problem II-C(R) is less than
the result from Problem I-C(R), and both are substantially smaller than the
experimental bound. Results for hotle» AM and 1 o5 obtained from Probiem II-C(R)
are added to Table 6.

Problem III-B(R) has the shear band failure model activated for the RHA in
addition to the tensile void failure model for both OFHC copper and RHA with pg;
set to -3.00 GPa. Shear band parameter A€k, is set to 0.00, and cutoff erosion
strain €%,,4, is set to 0.50 for both slidelines. Recall that Problem III-B, the
counterpart of Problem III-B(R) with the coarser mesh, gave particularly satisfying
agreement with experiment in terms of the final hole geometry. A question that
comes up now is to what extent that agreement is preserved with the finer mesh in
Problem III-B(R). Mesh plots from Problem III-B(R) are presented at 1.01, 2.01,
3.01, 4.00, 5.02, 10.02, 20.01, 50.03, 100.01, 200.02 and 500.01 ps after impact in
Figures 75 through 85. These can be compared with Figures 40 through 48, 50 and
54, which pertain to similar times for Problem III-B. Mesh plots at times prior to
perforation are in good qualitative agreement. Spallation in the target plate is again
observed at 3 us for both meshes. The radial extent of the spall fracture surface is
about 4 mm in Problem III-B(R) and only about 1 mm in Problem III-B. Also, the
spall fracture surface is recessed about 0.8 mm from the exit surface in Problem
III-B(R), while no such recession can be resolved with the coarser mesh of Problem
I1I-B.

Following perforation, mesh plots from Problem III-B(R) continue to display
good qualitative agreement with those from Problem III-B through 10 ps, both in
terms of the hole boundary’s geometry and the general location of zones of elements
that have failed. At 4 and 5 us, a small zone of elements that have failed in tension
subsequent to failure by shear banding exists at roughly the same location in both
problems. Furthermore, by 10 ps this zone has eroded away in both problems.

By 20 us after perforation, differences in hole profiles from Problems III-B
and III-B(R) become apparent and seem to be driven by differences in the spatial
distributions of zones of RHA that have failed by shear banding. For example, as
was noted in Section 8, a midsurface-level protuberance remains present in the mesh
at 500 pus in Problem III-B (Figure 54). This feature is in good agreement with the
experimental hole profile of Figure 11 and shows promisc of being preserved in
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Problem III-B(R) on the basis of the mesh plot at 20 us (Figure 81). In this figure
a group of RHA elements which have not failed is seen to jut out into a region of
failed elements which line the hole boundary. However, erosion of this group of
unfailed elements occurs between 50 and 100 us (Figures 82 and 83). This erosion
is assisted by the presence of contiguous failed elements located at about midsurface
elevation and radially outward from the group of unfailed elements in question.

The result is that no prominent midsurface protuberance is present in the final mesh
from Problem III-B(R) (Figure 85). Iastead, the hole’s main throat, or most
narrow cross-section, occurs near the entrance surface, with a lesser throat occurring
near the exit surface. The hole is relatively wide at midsurface elevation. Thote» the
hole’s radius averaged over the plate thickness at 500 us, is determined for Problem
III-B(R) on the basis of nodal coordinates along the red portion of the target
boundary in Figure 86. The result is 17.3 mm for rhote- This agrees reasonably well
with the experimental result of 18.2 mm, despite the large difference between hole
profile shapes in Figure 85 or 86 and Figure 11. It also agrees reasonably well with
the result of 18.1 mm from Problem III-B. The difference amounts to a 5%
reduction in ryy corresponding to a doubling in mesh fineness.

Next the locations of failed elements in Figure 85 from Problem III-B(R) will
be examined in light of the mesh in Figure 54 from Problem III-B and of
experimental results from Rd. 10771 that were discussed in Section 6. First note
from Figure 85 that no elements that have failed by tensile voids have escaped
slideline erosion by 500 us. This is inconsistent with the experimental result of
Figure 27, which shows at least nine large, discrete voids distributed around the
midsurface protuberance. Moreover there are no elements that have failed by
tensile voids in the mesh at 50 ps, either among elements in the midsurface that will
shortly erode away or elsewhere (Figure 82). On the other hand the mesh in Figure
85 has retained numerous RHA elements that have failed by shear banding. These
occur mainly in the vicinity of the hole boundary and between the entrance surface
and the midsurface. In contrast Figure 54 shows a more uniform distribution of
predicted shear bands with respect to elevation in the plate. Figure 27 from the
experiment shows two or three shear bands detected near the entrance surface,
consistent with a cluster of failed elements in Figure 85. Most of the shear bands in
Figure 27 lie within the midsurface protuberance. This feature of the experimental
distribution is more consistent with the mesh from Problem III-B(R) at 50 ps than
at 500 ps.
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Mass lost by the target plate is plotted as a function of time in Figure 87 for
Problems III-B and III-B(R). At all times after 5 us, the mass loss in Problem
ITI-B(R) is less than that in Problem III-B. At 500 ps, the net mass loss, AM, is
97.2 g in Problem III-B(R) and 105.5 g in Problem III-B (Table 5), corresponding
to an 8.5% difference. This difference of 8.3 g bounds the difference at all earlier
times. The percentage difference between AM from the two problems is larger than
that found above for the quantity Thote- This last comparison is correlated with the
flatter hole profile (i.e., less z dependence of hole radius) at 500 us for Problem
III-B(R) than for Problem III-B.

t o5 is found from Figure 87 to be 158.3 us for Problem III-B(R). This
represents a 13.7% decrease from the result of 183.4 us from Problem III-B (Table
5). These t g5 results from both problems satisfy the experimental bound of
Equation (3).

The results for rj,., AM and t g5 from Problem III-B(R) are added to Table 6.
Activation of the shear band failure model with the finer mesh has produced some
of the same general effects as in Section 8 with the coarser mesh: The final
perforation hole has grown substantially larger and has been placed in closer
agreement with experiment in terms of size, as witnessed by results for Thote and
AM. Also, the duration of the hole growth process, as measured by r g5, has been
significantly increased over the results obtained with neither failure model or with
only the tensile void model active and has been placed in agreement with the bound
derived from the radiographs of Figure 12. The shape of the final hole profile from
Problem III-B(R) is flatter than both the results from Problem III-B and from Rd.
10771. However, variation of the parameters €£,,4, and Aef,;; in series of problems
with the finer mesh could presumably have recovered agreement with the
experimental hole shape.

The final issue to consider is the added CPU times associated with the finer
mesh. All calculations described in this report have been performed on the Cray
X-MP/48 computer operated by the U.S. Army Ballistic Research Laboratory. The
CPU times expended in running Problems I-C, I-C(R), II-C, II-C(R), III-B and
III-B(R) out to 500 us are listed in Table 7. CPU times for Problems I-C and II-C
are very similar, as are those for Problems I-C(R) and II-C(R). Thus for both the
coarser and the finer target mesh, activation of only the tensile void failure model

28




has been accompanied not only by little effect on results for ryy., AM and ¢ g5, but
also by little increase in required CPU time. In contrast, for both meshes activation
of the shear band failure model has been accompanied by substantial reduction in
required CPU time. The main reason for this reduction is probably related to the
time step, determined in EPIC-2 by means of the Courant stabililty condition
(Johnson 1976). According to this condition, at any given time in the calculation the
time step is limited by the current dimensions of the smallest non-eroded element.
In problems with the shear band failure model active, more target elements become
eroded and fewer highly distorted elements remain attached to the plate. This
prevents the time step from becoming as small as in the other problems. Doubling
the mesh fineness is seen in Table 7 to have increased the required CPU time by
factors of 7.7, 7.8 and 9.0 in the case of Problems I-C, II-C and III-B, respectively.
A factor of 8.0 increase was anticipated on the basis of two considerations: (i)
Halving the initial element dimensions very roughly halves the time step throughout
the course of the calculation. (ii) Quadrupling the number of elements very roughly
quadruples the number of operations required at each time step.

The salient results from this section can be briefly summarized as follows: For
each of the three problems run with the finer mesh of Figure 66, the final hole size,
as measured both by 7,,o,e and AM, is smaller than the result from the counterpart
problem with the coarser mesh. The differences in terms of rj,, are 13%, 7% and
5% for Problems I-C(R), II-C(R) and III-B(R), respectively. The differences in
terms of AM for these respective problems are 30%, 18% and 8.5%. Thote and AM
results from Problems I-C, II-C, I-C(R) and II-C(R) are all substantially smaller
than the experimental results, while results for these quantities from Problems III-B
and III-B(R) are all in reasonable agreement with experiment. S;;ecifically, Thote and
AM are respectively 0.5% and 30.% smaller than the experimental results in the case
of Problem III-B and respectively 5% and 40.% smaller in the case of Problem
III-B(R). The final hole shape from Problem III-B is also in reasonable agreement
with experiment, but the final hole profile from Problem III-B(R) is flatter than
according to experiment. The quantity ¢ 95 has been increased in the case of
Problems I-C(R) and II-C(R) by 210.% and 24%, respectively, but decreased by
13.7% in the case of Problem III-B(R) relative to the values obtained with the
coarser mesh. The results for ¢ 95 from Problems I-C, II-C, I-C(R) and II-C(R) are
smaller than in the experiment, while those from Problems III-B and III-B(R) are
consistent with experiment. Corresponding to the doubling of target mesh fineness,
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CPU times on a Cray X-MP/48 have increased by factors of 7.7, 7.8 and 9.0 in the
case of Problems I-C, II-C and III-B, respectively.

The above-cited quantitative differences between results for Thote» AM and ¢ gs
from Problems III-B and III-B(R) provide measures of the degree to which the
mesh of Figure 15 is adequate for studying parametric dependencies of the solution
upon €5,,4e, Prair and Aek,y, as was done in Section 8. This degree of adequacy must
be weighed against the added expense in CPU time associated with performing
parametric studies with the finer mesh of Figure 66. For most researchers, CPU
times given in Table 7 for problems involving the refined mesh are prohibitive for
performing the numerous runs required for parametric studies. A rational basis for
the use of the mesh in Figure 15 is therefore indicated.

10. CONCLUDING REMARKS

This report has discussed the modeling of a particular experiment, in which a
shaped charge warhead was fired at 15.23-charge-diameter standoff into a 13.0-mm-
thick RHA plate. Two quantities evaluated from the experiment and that served as
benchmarks for the calculations are ry,,, the final hole radius averaged over the
plate thickness, and AM, the total mass lost by the plate. A third quantity, which
was bounded on the basis of results from two experiments quite similar to Rd.
10771, is t o5, the time after impact at which the plate has lost 95% of mass AM.
The experimental results obtained for rp,., AM and t g5 were 18.2 mm, 136 g, and
the bound 7 95 > 73.9 us, respectively. A fourth benchmark was provided by a
diagram showing locations of prominent voids and shear bands in a cross-section of
the perforated plate from the original experiment.

A five-parameter geometric model for the leading jet particle was presented.
Its parameters were evaluated on the basis of a radiograph. The particle’s length,
volume and centroid location were determined in the process.

Algorithms were developed to simulate material damage associated with the two
micromechanical phenomena of voids and shear bands, both observed in
micrographs of RHA specimens from the perforated plate. Each algorithm, or
failure model, consists of an onset criterion and a post-onset prescription on
stresses. The tensile void failure model, applied to both the OFHC copper of the
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leading jet particle and the RHA steel of the target plate, introduces the parameter
Prair for each of the two metals. pg,; is the negative value of pressure which when
reached in an element causes that element to thereafter be restricted from bearing
any deviatoric stress or hydrostatic tension. The shear band failure model, applied
only to the steel, employs as its onset criterion the Zener-Hollomon condition. This
model introduces the single parameter Ae%,;, the additional equivalent plastic strain
which a failed element can support beyond the level it had attained at the time of
shear banding onset. These algorithms were installed into Lagrangian hydrocode
EPIC-2.

A finite element mesh was developed for the leading jet particle and for the
target plate. That for the target plate consisted of 3200 isosceles right triangles,
each with its longest edge equal to 1.3 mm in length. The contact surface between
the meshes for the leading copper jet particle and the RHA target plate were
modeled by means of the eroding slideline algorithm contained in EPIC-2. This
eroding slideline algorithm introduces the material parameter €%,,,,, a critical
equivalent plastic strain, for each of OFHC copper and RHA steel. With these
initial meshes fixed, eight series of five problems each were run. In each problem
€2,04e Was assigned the same value for both materials.

The first series had neither failure model active for the two metals. The only
parameter varied was €£,,,,, over the range of values 0.25, 0.50, 0.75, 1.25 and
2.00. All five problems predicted a plate hole that is smaller and whose formation
is completed earlier than in the experiment. The largest values obtained for ry,,,
AM and ¢t o5 in this series were 13.9 mm, 27.7 g, and 19.4 pus, respectively,
corresponding to respective €%,,,, values of 2.00, 0.75, and 2.00.

The experiment was then remodeled using EPIC-2 with only the tensile void
failure model activated. Throughout this second problem series, parameter pg,; was
assigned the value -3.00 GPa for both RHA and copper. Activation of the tensile
void failure model alone did not significantly increase ?,,,,,, or AM. Neither was t g5
enlarged significantly, except for the case of €2,,4, equal to 2.00.

Activation of both the tensile void and the shear band failure models for

Problem Series III through VIII did allow for substantial increases in ryo,, AM and
t.95. Pri was again fixed at -3.00 GPa for both metals. Each of the four problems
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for which ( €£,,4., A€l,) was assigned the values (0.50, 0.00), (0.75, 0.10), (1.25,
0.25) or (2.00, 0.50) produced an Thote Value within 4% of the experimental result.
Of these four problems, the one involving (0.50, 0.00) produced the closest
agreement with experiment in terms of the final hole profile’s general shape and the
final location of shear bands within a cross-section of the target plate. None of
these problems predicted a sufficient portion of the plate’s final cross-section to be
taken up by voids. These four problems all yielded AM results that were lower than
that of the experiment, by 22%, 18%, 18% and 30%, respectively. Evidently more
highly compressed and bent RHA material remained attached to the plate in the
calculations than in the experiment. On the other hand it was found possible to
produce closer agreement with experiment in terms of AM by tolerating more
deviation in rp,. Thus a fifth problem, for which (€204, Ael,i) was set to (0.75,
0.00), produced a AM result within 4% of experiment, but an Thote TESUIL that was
11% larger than according to experiment. All calculations performed with both
failure models active yielded ¢ g5 results consistent with the experimental bound.

As just described, the tensile void and shear band failure models, when used in
conjunction with the slideline erosion algorithm and a particular mesh for the jet
particle and the target nlate, allowed EPIC-2 to produce reasonable agreement with
a single experiment in terms of final hole geometry, the rate of hole formation, and
the net mass lost by the target plate. Three problems were then rerun with a target
mesh having double the fineness it had in all previous runs. One of these problems
involved no failure modeling, one involved the tensile void failure model only, and
the third involved both the tensile void and the shear band failure models. For the
two problems involving no failure modeling or only tensile failure modeling, no
significant changes in 7ho,e, AM and t 95 were produced by doubling the target mesh
fineness. The final perforation hole remained too small and its formation completed
prematurely in comparison with experiment. The problem with both tensile and
shear banding failure models active that was rerun was the case of €Z,,4, and Ael,;
equal to 0.50 and 0.00, respectively. This is the case that with the original mesh
gave best overall agreement with experiment in terms of Thote» AM, 1 o5, the final
hole profile and shear band location within a plate cross-section. Results for this
problem with the refined mesh showed reductions in Thote» AM and 1 o5 from values
obtained with the original mesh by 5%, 8.5% and 13.7%, respectively. The final
hole profile became flatter (i.e., less elevation dependence in hole radius) than with
the original mesh. The location of shear bands also became less dependent on
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elevation. For this problem with both failure models active, the CPU time required
on a Cray X-MP/48 demonstrated a factor of 9.0 increase over the time required
with the original mesh. In light of this increase, the solution obtained for this
problem with the original was judged to be sufficiently accurate to be useful.

Possibilities for follow-up work will now be considered. In the present study
the criteria of ryo, AM and t o5 agreement with experiment have not uniquely
determined the proper set of input values for the three parameters €£,,4., psair and
Aefy,;. In particular, with pg,; fixed at -3.00 GPa for both RHA and copper,
agreement was obtained for a range of €£,,4, and Aely; combinations. This
consideration motivated the recently conducted set of experiments involving various
conditions of standoff and target plate thickness (Raftenberg 1991, 1992). The same
type of shaped charge warhead used in the two experiments cited in this report was
also employed throughout this newer set of experiments. The question raised is
whether all experiments in this combined database can be reasonably well-matched
in terms of ryo,, AM and t g5 by a single set of input values for parameters €%,,4.,
Prair and Agh,;. If satisfactory agreement cannot be obtained or if the three
parameters remain under-determined, some revision of the material models used in
the calculations may be indicated. These would include the models for flow stress,
tensile failure and shear banding failure.
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Table 1. Parameter Values for the Leading Jet
Particle’s Geometric Model

Parameter | Value (mm)
Lc 4.77
Lg 12.75
Lg 3.08
Rg 2.40
Rp 3.30

Table 2. Material Parameter Values for the Metals

Material OFHC RHA
Parameter Copper
po (kg/m3) | 8945. 7823.
G (GPa) 46.31 77.50
K, (GPa) 137.2 163.9
K, (GPa) 175.1 294.4
K3 (GPa) 564.2 500.0

r 1.96 1.16
A (GPa) 0.08963 | 0.7922
B (GPa) 0.2916 | 0.5095
N 0.31 0.26
C 0.025 | 0.014
M 1.09 1.03
T, (K) 294.3 | 294.3
| T, (K) 1355.9 | 1793.2
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Table 3. Results from Problem Series |

(No Failure Modeling in RHA or Cu)

Problem Egmde Yhote AM t g5
(mm) | (g) | (Ks)

I-A 0.25 9.6 27.1 15.9
I-B 0.50 10.3 27.4 | 16.4
I-C 0.75 11.0 27.7 | 16.1
I-D 1.25 12.1 23.4 | 15.6
I-E 2.00 13.9 20.3 19.4

Table 4. Results from Problem Series 11
(Tensile Failure Modeling in RHA & Cu, ppiy = — 3.00 GPa;

No Shear Band Failure Modeling)

Problem | €2,,4 Thole AM t 95
(mm) | (g8) | (us)

1I-A 0.25 9.7 27.9 10.5
II-B 0.50 10.6 28.6 | 15.3
I1-C 0.75 10.9 27.2 | 22.7
II-D 1.25 12.2 24.9 | 23.1
I11-E 2.00 15.0 22.8 | 89.3
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Table 5. Results from Problem Series III Through VIII
(Tensile Failure Modeling in RHA & Cu, P/‘ail = — 3.00 GPa;
Shear Band Failure Modeling in RHA, Agep,; Varied)

Problem egrode A 8?zzil ;hole AM los
(mm) | (g) (us)

I1I-A 0.25 0.00 15.5 76.1 | 224.7
I11-B 0.50 0.00 18.1 105.5 | 183.4
I1-C 0.75 0.00 20.2 130.3 | 192.3
HI-D 1.25 0.00 23.2 171.4 | 323.3
IT1I-E 2.00 0.00 26.3 | 220.7 | 267.7
IV-A 0.25 0.10 14.1 65.2 | 228.9
IV-B 0.50 0.10 16.2 83.3 | 228.4
IvV-C 0.75 0.10 18.7 110.9 |} 293.3

IV-D 1.25 0.10 21.9 152.5 | 332.7
IV-E 2.00 0.10 24.8 193.9 | 381.4
V-A 0.25 0.25 12.1 45.8 | 289.5
V-B 0.50 0.25 15.3 72.9 | 395.1
vV-C 0.75 0.25 17.4 95.3 | 329.4
V-D 1.25 0.25 18.9 112.2 | 358.7
V-E 2.00 0.25 22.3 158.3 | 446.3
VI-A 0.25 0.50 11.5 40.5 | 305.9
VI-B 0.50 0.50 12.3 45.6 | 310.2
VI-C 0.75 0.50 13.1 49.5 | 212.7
VI-D 1.25 0.50 16.0 76.7 | 389.5

VI-E 2.00 0.50 17.7 94.8 81.6
VII-A 0.25 0.75 11.0 36.7 | 382.8
VII-B 0.50 0.75 11.9 40.8 | 267.6
VII-C 0.75 0.75 12.8 47.7 | 217.4
VII-D 1.25 0.75 14.9 63.8 | 192.2
VII-E 2.00 0.75 17.0 85.2 | 249.7
VIII-A 0.25 1.00 10.7 34.7 | 323.8
VIII-B 0.50 1.00 11.4 38.1 | 180.0
VIII-C 0.75 1.00 12.3 41.8 | 235.4
VIII-D 1.25 1.00 14.2 55.6 | 180.6
VIII-E 2.00 1.00 17.1 80.4 | 232.7
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Table 6. Results with the Refined Mesh

Problem egrode Aef(ul Pfail ;hole AM tgs
(GPa) | (mm) | (g) | (us)
I-C(R) 0.75 N.A. N.A. 9.7 21.3 49.9
II-C(R) 0.75 N.A. -3.00 10.2 23.1 28.1
II-B(R) | 0.50 0.00 -3.00 17.3 97.2 | 158.3

Table 7. CPU Times on a Cray X-MP/48 for Six Problems

Problem | €£,,; | A€k Prail CPU Time
(GPa) (hrs)
I-C 0.75 N.A. N.A. 0.93
I-C(R) 0.75 N.A. N.A. 7.19
I1-C 0.75 N.A. -3.00 0.93
II-C(R) 0.75 N.A. -3.00 7.27
II1-B 0.50 0.00 -3.00 0.53
I11-B(R) 0.50 0.00 -3.00 4.78
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Figure 1. Experimental Setup for Rd. 10771.
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Figure 2. Flash Radiographs of the Jet at 161.5 and 181.4 ps After Explosive Initiation.
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Rd. 10771

Figure 3. Flash Radiographs of the Jet and RHA Plate at
181.0 and 226.3 ps After Explosive Initiation.
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Figure 4. Enlargement of Flash Radiograph of the Jet and
RHA Plate at 226.3 ps After Explosive Initiation.
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Rd. 10771

Figure 5. Photograph of the Perforated Plate’s Entrance Surface.
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Rd. 10771

Figure 6. Photograph of the Perforated Plate’s Exit Surface.
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Figure 7. Perforation Hole in RHA Plate Fitted by a Circle.

44




148
ENTRANCE V éu
133
118
104
89 \"
'f N,
> ‘\
\
44
30
THETA-BR. = .@
15 NSLICES \= 14
THETA-INCL =\5.0
0 RCUT = .8g
13 28 43 72 87 162 11?7 131 146

X mm

Rd. 10771

Figure 8. Construction of Radial Slices to be Removed From Perforated Plate.
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Rd 10771

Figure 9. Removal of Five Radial Slices From Perforated Plate.
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Figure 13. Five-Parameter Geometric Model for the Leading Jet Particle.
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Figure 14. The Jet Particle Model Fitted to the Radiograph at 8.6 ns Before Impact.
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Figure 20. Mesh Boundary at 500.04 ps and Calculation of r,,;, From Problem I-C.
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36 — 36
271 Prcblem Series I (No Failure in RHA or Cu) 27
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Figure 21. Computed r,,, vs. €5,,4, for Problem Series 1.
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TARGET’S ERODED MASS (g)

Problem Series I (No failure in RHA or Cu)
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Figure 23. Mass Lost From Target Plate vs. Time for Problem Series 1.
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SEM; 4,000x; 2% Nital etch.

Figure 24. Micrograph of a Fracture Surface Formed by Void
Coalescence in the RHA Target Plate of Rd. 10771.
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SEM; 3,700x; 2% Nital etch.

Figure 25. Micrograph of a Shear Band in the RHA Target Plate of Rd. 10771.
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Nital etch.

800x, 2%

*

Optical Micrograph

Figure 26. Micrograph of a Crack That Extends Along a

Shear Band in the RHA Plate of Rd. 10771.
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Shear Band

Figure 27. Sketch Showing Locations of Prominent Voids and Shear Bands
in_a Radial Slice From the RHA Plate of Rd. 10771.
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¥ hole (mm)

30

Problem Series I (Tensile Failure in RHA & Cu, pg,; = -3.00 GPa;
271 No Shear Band Failure)
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Figure 35. Computed 7, VvS. €5,,4. for Problem Series 1L
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TARGET’S ERODED MASS (g)

30

Problem Series II (Tensile Failure in RHA & Cu, pg,; = -3.00 GPg;
No Shear Band Failure)

.
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Figure 36. Mass Lost From Target Plate vs. Time for Problem Series II.
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Figure 37. The Deviatoric-Stress Reduction Function
Used With the Shear Band Failure Model.
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Problem Series III Through VIII (Tensile Failure in RHA & Cu, py; = -3.00 GPa;
Shear Band Failure in RHA, Ag;,; Varied)

39— —

0.75 _ @.50 _ ©.75 1.06  1.25 1.50 1.75  2.00
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Figure 38. Computed 7, Vs. €5,,4, With AeZ; a Parameter
for Problem Series III Through VIII.
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Problem Series III Through VIII (Tensile Failure in RHA & Cu, Prai = -3.00 GPa;
Shear Band Failure in RHA, A#,,-, Varied)
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Figure 39. Computed r,, vs. Aef,; With €,,,, a Parameter for
Problem Series III Through VIII.
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Problem Series III (Tensile Failure in RHA & Cu, pp, = -3.00 GPa:

Shear Band Failure in RHA, Ag7,; = 0.00)
250 ; T : ! —T ; ; ; T

225

200

[,
~J
(72}
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[
(L)

136 g

[
N
tn

[
(23
[\~

TARGET’S ERODED MASS (g)

5O |-

25t

@ 50 100 150 200 250 300 350 100 450 500

Figure 58. Mass Lost From Target Plate vs. Time for Problem Series III.
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TARGET'S ERODED MASS (g)

Problem Series IV (Tensile Failure in RHA & Cu, pj,; = -3.00 GPa;
Shear Band Failure in RHA, Agh,; = 0.10)

250 r ! ! : ! ! ! ! !

275 oo A S——

200

175
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136 g
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100

® 50 100 1560 200 250 30¢ 350 400 450 500

Figure 59. Mass Lost From Target Plate vs. Time for Problem Series IV.

96




TARGET’S ERODED MASS (g)

250

Problem Series V (Tensile Failure in RHA & Cu, ppy = -3.00 GPa;
Shear Band Failure in RHA, Ag,,; = 0.25)

136 g

@ 50 160 156 200 250 300 350 400 450 500

TIME (ps)

Figure 60. Mass Lost From Target Plate vs. Time for Problem Series V.
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TARGET’S ERODED MASS (g)

100

Problem Series VI (Tensile Failure in RHA & Cu, py,; = -3.00 GPa;
Shear Band Failure in RHA, Agf,; = 0.50)

@ 5o 100 150 200 250 300 350 400 450  Soo
TIME (s)

Figure 61. Mass Lost From Target Plate vs. Time for Problem Series VI.
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TARGET’S ERODED MASS (g)

Problem Series VII (Tensile Failure in RHA & Cu, pp,; = -3.00 GPa;

Shear Band Failure in RHA, Agy,; = 0.75)

100 .[ 1 0 ] T r ! I 0
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) i i ; s i i i
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TIME (ps)
Figure 62. Mass Lost From Target Plate vs. Time for Problem Series VII.
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TARGET'S ERODED MASS (g)

100

Problem Series VIII (Tensile Failure in RHA & Cu, pg,; = -3.00 GPa;
Shear Band Failure in RHA, Agf,; = 1.00)

90

100 150 200 250 300 350 400 450
TIME (s)

Figure 63. Mass Lost From Target Plate vs. Time for Problem Series VIII.
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Problem Series III Through VIII (Tensile Failure in RHA & Cu, pp,y = -3.00 GPa;
Shear Band Failure in RHA, Ag/,; Varied)

250 - T - — T
zz5t ]
200}
175+
150}
125¢
100
5t
50+ f
0.00
, 0.10
={0.25
25 Aff"” 0.50
................ AMEXD " 0.75
| 1.00

0.60  0.25 8.59 0.75 1.6  1.725 1.5 1.75 2.0

eeprade

Figure 64. Computed AM vs. €8,,4, With Aef;; a Parameter
for Problem Series III Through VIIL
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Problem Series III Through VIII (Tensile Failure in RHA & Cu, py,; = -3.00 GPa;
Shear Band Failure in RHA, Agf,; Varied)

250 T " T - . . r . -

2.00
225t 1.25
ehode =1 0.75
0.50
0.25
200}

1725¢

150 |

125+

®
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100}

% \ 1

5ot !
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Aefyi

Figure 65. Computed AM vs. Aef; With €24, a Parameter
for Problem Series 111 Through VIIL
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Figure 66. The Initial Mesh Used in Section 9.
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Figure 67. Mesh Plot at 3.00 ns After Impact for Problem I-C(R).
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TARGET’S ERODED MASS (g)
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Figure 70. Mass Lost From Target Plate vs.

Time for Problems I-C and I-C(R).

107




TIO-TI WaIqoid 103 108dUI| I3y ST (0T Ie 10Id YSOW 'IL 2m3ng

(un) J

oy 9€E A S 8e Fe 0z 91 FA S L)

. A n
P i A "

1L ® H
HZ

e113314]
aunfing

1

*Sp10A afIsua] Aq
Po[Te) 2ABY SJUIWRS an[g :SION

Pl
e 5 ; >
. > SR
> > Atg ~ ; x
b g e s
u..uA.HVH 2 SRS m R & X ; > V.u\.
B CHERE SR ERE L A EA PR g
B =& AL LA
xm@.v/ x Ry o LWL H««
B4 T80 S R S B S R B 2 e SRR XA CAERE
st 00’1 = oum €01 = 91043
(yso 193re], pouyoy

SL°0 = P33 ‘amyreg pueq Iesys oN
edD 00°¢- = "%d ‘n) B YHY W ampey opsuaL) (W)O-11 WoIqoid

Ze-

8L-

PL-

HKoL-

1113

r4

(W)

108




TDO-T WA[OIJ 107 3Ted] WY U 10°E 32 10[d USAN 'TL dm3ig

or

(Mn) J

ZE 82 b2 0z 9l zZ1 8

A

L ® H2
: HZ
1
©118314]
aanjinvgy

*Sp1oA aisual Aq
PO[IB] 2ABY SIUSWI[R N[ :ON

g4 J B
B -
& &
et X
o ~ iy g s
> % A ) %, ot
% e i T g <
: R EREN 3 PR
S A
Cr : S 2 >
PN 23 O 4 X X B3 PN TR PR L . AR4bAE s SR £l 5 P
st 10°¢ = dum 962 = 9J9Kd
{yss w8y, pouyay

L0 = %3 ‘o pueq 1eays ON
®dD 00'¢- = ”d ‘0D B VHY u1 amprey apsusL) (D11 WoIqoig

oe-

9Z-

ZZ-

81-

FL-

oL-

(HH)

o1

109




@)D WR[qoig 107 1oedu] Iaijy s1 00 00S I€ 10Id SO '€L 2m31g
(un) Jd
op 9e (43 82z bz 0z L 21 8

1% H2
HZ

L
_ LI NERA N
| eunjie4

*SPIOA 3[Isu2) Aq
Pa[I8] SARY SIUSWD]A N[ :9ION ]
AEA \H., - 7 .u..“.m.", DA
¢ . i

=3

A
e
LS

LMK

{pﬁ, A T
Y B3 ER BT ARNE
3
"
1
v

ARIEIE ;
: LI ustebd ¥ : Y
e % XY 12
% s ZPRER b B
AEIAA t L) e N > > y
INEAER e Y17 X[ S Sy 105 x
st 0Q'00S = own S9LPT = a19ka ;
] (ysoy 198re], paugey
'SL°0 = P73 ‘ampre pueq Jesys ON
edO 00°¢- = "%d 0D 7 VHY ut ampey spsual) (D11 WOIQ0IL

De-

9z~

r A A

8L~

FlL-

oL~

oL

z

(M)

110




TARGET’S ERODED MASS (g)
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Figure 74. Mass Lost From Target Plate vs. Time for Problems II-C and II-C(R).
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g. Aquamarine

Green elements have failed by

shear ban

elements have failed first by
shear banding, then by tensile

voids.

Note:
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Piobiem UI-B(R) (Tensile Failure in RHA & Cu, pg,; = -3.00 GPa;

6+ Shear Band Failure in RHA, Aey,; = 0.00; €£,,4, = 0.50; 1
Refined Target Mesh)
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NOTE: ;hole calculation based on red portion of boundary.

Figure 86. Mesh Boundary at 500.01 ps and Calculation of 7, for Problem III-B(R).
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Figure 87. Mass Lost From Target Plate vs. Time for Problems III-B and ITI-B(R).
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LIST OF SYMBOLS

parameters in the Johnson-Cook sirength model

ij component of the plastic part of the rate of deformation
tensor

elastic shear modulus

parameters in the Mie-Gruneison equation of state
parameters in the geometric model for the leading jet particle
length of the leading jet particle

temperature

melting temperature

room temperature

homologous temperature

volume of the leading jet particle

internal energy per underformed volume

stress reduction function used in the shear banding failure
model

pressure
pressure at which the onset of tensile failure occurs
radial coordinate

computational hole radius at 500 us after initial fmpact,
averaged over the target plate’s thickness

experimental final hole radius averaged over the target plate’s
thickness

ij component of the deviatoric Cauchy stress tensor following
reduction

radial, axial, circumferential normal components of the
deviatoric Cauchy stress tensor following reduction
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shear component of the (deviatoric) Cauchy stress tensor
following reduction

ij component of the deviatoric Cauchy stress tensor prior to
reduction

radial, axial, circumferential normal components of the
deviatoric Cauchy stress tensor prior to reduction

shear component of the (deviatoric) Cauchy stress tensor prior
to reduction

time

computational time, after initial impact, at which the target
plate’s cumulative mass loss equals 0.95AM

experimental time, after initial impact, at which the target
plate’s cumulative mass loss equals 0.95AM ¥

axial coordinate
axial coordinate of the centroid of the leading jet particle

computational accumulated mass lost by the target plate at 500
us after initial impact

experimental total mass lost by the target plate

the minimum increment above €%, of equivalent plastic strain
corresponding to which all components of deviatoric Cauchy
stress within an element are set to zero

Gruneison coefficient

expression involving parameters of the geometric model for
the leading jet particle

equivalent plastic strain

equivalent plastic strain at which a slideline’s master surface
element is eroded

equivalent plastic strain within an element at the time of the
onset of its failure by shear banding
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gP time rate of change of equivalent plastic strain

u fractional change in density from the undeformed state

p density

Po undeformed density

4] equivalent Cauchy stress

o, flow stress

C,rs Oz, Ogp radial, axial, circumferential normal components of the Cauchy

stress tensor
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